Electrophoretic surveys for nine species of Drosophila have been summarized in terms of the relative contribution to heterozygosity of each of ten gene frequency classes, the mean frequency of heterozygotes within subpopulations, and the degree of genetic divergence between subpopulations. It has been shown that the neutral model proposed by Kimura, and modified by Ohta to include the accumulation of slightly disadvantageous mutations, is capable of explaining all features of the data. The consistent difference between group I and group II enzymes can be explained by a difference in the average intensity of selection against mutational variants in the two groups. A highly significant difference between the temperate and tropical species in the distribution of heterozygosity appears to be due to the smaller effective breeding population sizes in the case of the temperate species.
INTRODUCTION
An extensive array of gene frequency data for electrophoretic variants in natural populations of Drosophila is now available for comparison with alternative genetic models. In this paper, gene frequency distributions for nine species are summarized in terms of the relative contribution to heterozygosity of each often gene frequency classes, and the observed distributions compared initially with those predicted by models involving selective substitution of alleles, and by models postulating strictly neutral mutational variation. Neither class of model fits the data adequately, but a computer model involving mutants of very slight selective disadvantage is shown to provide a satisfactory approximation.
Broadly speaking there are three types of model which have been proposed to account for the observed genetic variation in natural populations of outbreeding species. The balance hypothesis suggests that current gene frequencies are primarily the result of natural "selection, polymorphic loci displaying equilibrium allele frequencies maintained by the selective superiority of heterozygotes, by frequencydependent selection, or by some other form of balancing selection. Genetic variation is therefore supposed to be adaptive, and deleterious mutants are found only at extremely low frequencies. Amino acid substitutions in a protein in the 138 B. D. H. LATTER course of evolution can be explained by changes in environmental or competitive conditions, leading to selection in favour of a particular homozygote at a previously polymorphic locus.
The selective substitution hypothesis maintains that all amino acid changes in a protein over evolutionary time are due to the selective replacement of one allele by another. Current polymorphisms are therefore considered as transient states in this process, with one homozygote showing a slight selective advantage over all other genotypes at the locus concerned. Disadvantageous mutants on the other hand would be expected to be found only at extremely low frequencies.
The neutral hypothesis proposes that a large proportion of the amino acid replacements in a protein in the course of evolution are in fact non-adaptive, due to the random fixation of alleles which are not subject to selective forces. Current polymorphisms are interpreted as transient states in this process of non-selective allelic substitution. Disadvantageous mutants are maintained at extremely low frequencies by selection.
It is not possible to test the applicability of the balance hypothesis by an examination of observed gene frequency distributions alone. The model can always be reconciled with the data by an appropriate choice of the mode of balancing selection and of the selection coefficients supposed to be maintaining the equilibrium, which will therefore usually be different for each locus examined. The hypothesis is however open to experimental test by perturbation of gene frequencies from their presumptive equilibrium values.
The aim of this paper is therefore to determine how adequately the simpler models involving selective substitution and neutral variation can account for the gene frequency distributions observed in species of Drosophila, and to indicate the simplest explanation for the discrepancies detected. The data used in this study are the same as those involved in an earlier analysis (Latter, 1976) , but the distributions of heterozygosity are here presented in terms of ten gene frequency classes instead of five, and the analyses take account of the existence of geographic differentiation in the species surveyed. In addition, a separate analysis is presented for temperate and tropical species of Drosophila.
MODELS AND THEORY
Two basic models of allelic variation have been used. The infinite allele model assumes that mutation to novel and individually distinguishable alleles occurs with frequency fi per generation (Kimura & Crow, 1964) . The charge class model, on the other hand, proposes that mutation occurs with frequency /i to novel alleles, of which a proportion a is not distinguishable electrophoretically from the parent allele, a proportion /? gives rise to a polypeptide differing by one unit of electric charge from the parental form, and a proportion y differs by two units of charge. Positive and negative changes in charge are assumed to be equally probable, and charge differences alone are supposed to determine relative electrophoretic mobility (Ohta & Kimura, 1973) . It has been argued by Johnson (1974) that the infinite Distribution of heterozygosity in Drosophila 139 allele and charge class models represent the two extremes of allelic non-identification when electrophoretic techniques are used.
For each of these two models of detectable genetic variation, the relative contribution of each gene frequency class to heterozygosity has been determined theoretically, or by computer simulation, either for a single panmictic diploid population of constant effective breeding size JV, or for an island model involving k subpopulations of effective size N each exchanging a total of Nm individuals equally with the remaining k -1 subpopulations every generation (Latter, 1973) . More elaborate models of geographic population structure have not been examined in this study, in view of the minor degree of population subdivision observed in the Drosophila species surveyed, and the slight effects on the distribution of heterozygosity found with the island model by comparison with a single panmictic population.
Only three types of natural selection are discussed in this paper, the models involving either neutral allelic variation, selectively advantageous alleles, or slightly deleterious mutations, together with combinations of two or all three of these categories. Neutral models assume that all genotypes at a locus are of equal viability and reproductive ability, or more precisely that selective differences are negligible by comparison with the reciprocal of the effective size of the breeding population. The basic theory for neutral models in the case of a single panmictic population is now well known. The theoretical equilibrium gene frequency distribution for the infinite alleles model in a finite population was derived by Wright (1966) , and that for the charge class model with single step mutations by Kimura & Ohta (1975) . Extension of these models to the case of a subdivided population for comparison with Drosophila electrophoretic surveys has been accomplished in this study by computer simulation.
The contribution to heterozygosity of an advantageous mutant between its occurrence and final loss or fixation in a population has been discussed by Maruyama (1972) and Yamazaki & Maruyama (1972) . If the gene has a selective advantage s in heterozygotes and 2s in homozygotes, the frequency of heterozygotes expected in the population at a mean gene frequency g is the same for all values of q except those in the vicinity of unity, provided s is small and kNs is of the order of 20 or greater. This property is independent of the geographical structure of the population if the pattern of mating is locally random, and migration does not change the mean gene frequency of the whole operation.
Models involving selective substitution can most easily be examined in computer simulation studies by assuming that natural selection favours an optimal level of enzyme activity, the optimum changing directionally at a constant rate with time due to systematic changes in the environment. A convenient representative model is one in which fitness declines as the square of the deviation of enzyme activity from optimal, the spectrum of mutant effects being normally distributed with unit variance about the mean activity of the parental allele, and allelic effects on enzyme activity being additive (Latter, 1972 (Latter, , 1976 Li (1978 Li ( , 1979 deals with a related model involving a finite array of neutral and deleterious alleles in a panmictic population, with equal mutation rates from each allelic state to every other possible allele. Provided the deleterious alleles all remain rare in the population, Li's model is very similar to that outlined above. However, solutions have not yet been provided for the charge class model, nor for populations involving geographic differentiation. The required distributions of heterozygosity have therefore been approximated by computer simulation.
In the case of charge class models used in this study, selective effects are assumed to be associated with the individual genotype and not the charge class itself, charge differences per se having no effect on reproductive fitness. Electrophoretic classes will nevertheless usually differ in mean selective value, due to differences in the mutational history of the alleles in each class. King & Ohta (1975) have derived deterministic solutions for the expected distribution of electromorph frequencies at equilibrium in an infinite population, as a function of the ratio s//i.
DATA AND ANALYSES (i) Data
Data from the following nine species have been analysed: D. bifasciata (Saura, 1974) , D. equinoxialis (Ayala et al. 1972a (Ayala et al. , 1974 , D. paulistorum (Richmond, 1972) , D. pavani (Kojima et al. 1972) , D. pseudoobscura (Prakash, Lewontin & Hubby, 1969) . D. robusta (Prakash, 1973) , D. subobscura (Saura et al. 1973) , D. tropicalis (Ayala et al. 1974) and D. willistoni (Ayala et al. 1971 (Ayala et al. , 19726, 1974 . This survey of published electromorph frequencies has been restricted to those studies in which three or more separate localities have been sampled, and to those alleles reaching a frequency of 0 -01 in at least one locality. The data for D. pseudoobscura from Bogota were not included in the analysis with those from North American localities. The survey has been restricted to enzyme polymorphisms, a total of 25 enzymes being involved in the 12 reported studies. Gillespie & Kojima (1968) have pointed out that the enzymes assayed in electrophoretic studies can be divided into two groups differing in mean heterozygosity in Drosophila populations. Group I enzymes are those which take part in glycolysis, the citric acid cycle, or the hexose monophosphate shunt, or whose substrates are in one of these pathways (Kojima, Gillespie & Tobari, 1970) : group
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II enzymes are all those not included in the former category. In view of the consistently different levels of heterozygosity shown by group I and group II enzymes in all species involved in this study except D. pavani, these two sets of loci have been analysed separately in addition to the combined analysis. The enzymes are grouped as follows:
Group I. Aldolase, fumarase, glucose-6-phosphate dehydrogenase, glyceraldehyde-3-phosphate dehydrogenase, a-glycerophosphate dehydrogenase, hexokinase, isocitrate dehydrogenase, malate dehydrogenase, malic enzyme, phosphoglucoisomerase, phosphoglucomutase and triosephosphate isomerase.
Group II. Acid phosphatase, adenylate kinase, alcohol dehydrogenase, aldehyde oxidase, alkaline phosphatase, amylase, esterase, glutamate oxaloacetate aminotransferase, leucine aminopeptidase, octanol dehydrogenase, peptidase, tetrazolium oxidase and xanthine dehydrogenase.
The data have also been subdivided into two groups on the basis of species range, the tropical species (
ii) The distribution of heterozygosity
The following calculations have been performed separately for group I, group II and all enzymes combined, for each of the 12 surveys. Let q ii denote the observed frequency of the ith allele at a given locus in the jth locality, and n^ the sample size in that locality. The mean frequency of the allele in the whole population, q t , has been calculated as j
JYt A
where M = £ n*. The contribution of the ith allele to heterozygosity, h u is 1 given by 1 M } assuming random mating within each locality. The proportion of heterozygotes expected at this locus is then
The mean level of heterozygosity for the species is
where summation is over all / loci surveyed, including those found to be monomorphic.
The total contribution to heterozygosity of alleles at particular mean gene frequencies can also be evaluated to give a distribution of heterozygosity as a function of gene frequency. The individual values of h t which are summed in equations (3) and (4) classes and dividing by I, the number of loci surveyed. In calculating the class means in this study, each value of h t has been given weight (a -1 )/a where a is the number of alleles segregating at the locus concerned, since allele frequencies at each locus are linearly dependent. Table 1 sets out the class intervals used in this analysis, the width of each interval, and the weighting factor W r , needed to adjust for the unequal class intervals used in the grouping of mean gene frequencies. The relative contribution to heterozygosity, C r , of each gene frequency class is then given by where the summation in the denominator is over all gene frequency classes.
The values of C r from different studies have been combined by taking a weighted mean for each class, with weights proportional to the number of independent alleles, i.e. the total number of alleles minus the number of loci. In the case of the superspecies D. paulistorum, the values of C r were calculated separately for each semi-species and combined by the same weighting procedure. The values of H w from different studies have similarly been combined by taking a weighted mean, with weights proportional to the number of loci (both monomorphic and polymorphic) upon which the estimate is based.
The standard error of a weighted mean X = \t-l has been calculated as
This formula is strictly appropriate only when the values of x i involved have the same expectation.
(iii) Population differentiation
The measure of genetic differentiation adoped in this study is the parameter <j>* defined by Latter (1973) , which relates the level of heterozygosity within subpopulations, H w , to that which would be observed in hybrids between subpopulations, H b . The possible range of values of <f>* extends from zero when all subpopulations are identical, to unity when all subpopulations are homozygous at all loci but not genetically identical.
If q ti denotes the frequency of the ith allele in the jth locality at a particular locus as before, the expected frequency of heterozygotes in crosses between subpopulations has been calculated as 
and <f>*, the measure of population differentiation, is (10) For ease of calculation, the following formulae are to be preferred in evaluating H b . The value of L is given by and H b by
. .
Estimates of <f>* from different species or semispecies have been combined by the use of a weighted mean, with weights proportional to the number of loci contributing to each estimate.
RESULTS (i) Heterozygosity and population differentiation
A summary of mean levels of heterozygosity for group I, group II and all enzymes combined is presented in Table 2 , together with the measure of population differentiation, (f>*. Also given in the second column are species abbreviations which will be used in subsequent tables. The levels of heterozygosity for group I enzymes are appreciably lower than those for group II enzymes in all species except D. pavani, the means over all species being 0102 and 0226 respectively.
The measure of genetic divergence between localities, <j)*, could not be evaluated from the incomplete data for D. willistoni reported by Ayala et al. (1971) . The estimates for other species range from 0-023 to 0-133 with an overall mean of 0075 + 0010, with no relationship discernible between H w and <f>*. The estimates of <f>* for individual species based on group I and group II enzymes are in each case very similar, the weighted mean over species from group I enzymes being 0061 ±0013, and that for group II enzymes being 0079±0012, the difference being non-significant.
The five temperate species D. bifasciata, D. pavani, D. pseudoobscura, D. robusta and D. subobscura can be seen from Table 3 to differ only slightly in mean heterozygosity from the remaining tropical species, though the agreement must be considered somewhat fortuitous in view of the wide range of heterozygosity levels in the temperate group. It will be shown in the next section that the two groups of species nevertheless differ appreciably in the distribution of heterozygosity as a function of mean gene frequency. Table 3 also shows the extent of population differentiation throughout the species range to be very similar for temperate and tropical species, corresponding to a value of Nm for the island model of the order of 2-3 depending on the number of subpopulations involved (Latter, 1973) . The values of C r given by equation (5) for each species are presented in Table  4 , together with the number of independent alleles contributing to the estimated distribution of heterozygosity. To provide a single parameter upon which comparisons between species may be based, the proportion of heterozygosity due to alleles with central mean frequencies in the range 0-2-0-8, i.e.
is also given for each survey in the final column of the table. Where more than one survey has been made of the same species, as in the case of D. equinoxialis and D. willistoni, the independent values of P c are in good agreement, but the differences between species are quite considerable, ranging from 031 for D. willistoni to 0-70 for D. bifasciata.
The distributions of heterozygosity summarized in Table 5 show that the temperate species have a higher mean value of P c than the tropical species for both group I and group II enzymes, the means over all enzymes of 0-597 + 0041 and 0-361+0024 being statistically significant at the 0001 level of probability. The 
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unweighted means are very similar in magnitude, being 0584 +0*038 and 0-369 + 0-028 respectively, which also differ significantly at the 0001 level. Many of the individual estimates of C r in Table 5 have large standard errors, particularly those for group I enzymes in temperate species, due to the small number of group I enzymes studied in three of the five species. However, the distributions of heterozygosity for temperate and tropical species based on all enzymes are distinctively different, with far higher frequencies of alleles in the first three and last three classes in the tropical group. This is in spite of the fact that the two groups of species show very similar mean levels of heterozygosity (Table 3) . The contrast between the distributions of heterozygosity for group I and group II enzymes in Table 5 is equally striking, the mean values of P c over all species being 0-238 + 0071 for group I enzymes, and 0517+ 0033 for group II enzymes. In this instance the difference in the distribution of heterozygosity clearly parallels the difference in mean heterozygosity shown in Table 3 .
(iii) Single population models
In spite of the evidence of heterogeneity afforded by Table 5 , it is convenient to consider first the extent of agreement between simple theoretical models and distribution of heterozygosity observed for all enzymes and all species (Table 5, last row). Comparison with the predictions of Wright (1966) for the neutral infinite allele model, and Kimura & Ohta (1975) for the neutral charge class model, at equilibrium in a single panmictic population (Table 6 , H w = 0174) shows highly significant discrepancies in each case. The observed mean value of P c = 0424 + 0037 is significantly different at the 0001 level from those predicted by the two neutral models (0622 and 0643 respectively).
Detailed comparisons of the distributions of Table 5 with the corresponding distributions of Table 6 (H w = 0102 for group I, 0226 for group II) show an excess of heterozygosity contributed by alleles in the first two classes (q ^ 0-100) in all classifications of the Drosophila data. The departures are statistically highly significant for both groups of enzymes in the tropical species, but are not significant for either group in the case of the temperate species. The distribution for all enzymes combined in the temperate species shows an excess of heterozygosity in class 1 which is on the borderline of significance when compared with the charge class model, but the observed value of P c is not significantly different from that predicted by either model. Table 7 summarizes the distributions of heterozygosity observed in computer populations for the model of selective allele substitution in response to a changing optimum. Comparisons with Table 6 reveal only minor differences between the neutral and selective substitution models, the latter showing an increase in the frequency of rare alleles at the expense of those at intermediate frequencies due to selection for the current optimum. The distributions of heterozygosity for the tropical Drosophila species show highly significant departures from the corresponding distributions of Table 7 . The temperate species, on the other hand, differ significantly only in respect of the absence of observed gene frequencies in the interval O8-0-9 for group II enzymes. This is without doubt a sampling accident due to the small number of species so far studied. We turn finally to models involving slightly disadvantageous mutations, in an attempt to account for the excess contribution of rare alleles to the observed distribution of heterozygosity in Drosophila populations. The distributions presented in Table 8 for a single panmictic population in equilibrium are based on the infinite allele model with the selective disadvantage of individual mutations (s) equal to 10 times the mutation rate (ji). This ratio is expected to give a mean frequency of heterozygotes close to that observed for all enzymes combined in both temperate and tropical species of Drosophila (Table 3) . None of the distributions in Table 8 fits the Drosophila data completely satisfactorily, but Ns = 1 and Ns = 2 give distributions which are clearly very similar to those observed for the temperate and tropical species respectively (Table 5 ). It may be noted that the chance fixation of deleterious mutants was detected only in the computer populations with Ns = 1, a total of 13 mutants being fixed in 500000 generations, a rate of 0013 + 0003 mutants per N generations.
(iv) Models with population differentiation
It has previously been shown that the distributions of heterozygosity for group I and group II enzymes in temperate species do not depart significantly from those predicted for neutral models in a single panmictic population. The same is true of populations composed of subpopulations of equal size, exchanging migrants at a constant rate corresponding to Nm = 2. The first two populations listed in Table  9 , for example, are virtually identical to the charge class models of Table 6 with the same mean levels of heterozygosity, and the same is true of neutral infinite allele models. Table 10 gives parameter combinations and observed summary statistics for theoretical models involving neutral or disadvantageous mutations which approximate the Drosophila data satisfactorily. The best fit to the data for group I enzymes in the temperate species is given by the infinite allele model with kNs = 1 5 (Fig. 1 a) , but there are marked irregularities in the Drosophila data due to the small number of group I enzymes included in the surveys of three of the species. The infinite allele model with kNs = 3 has been found to give the most satisfactory fit to the data for group I enzymes in the tropical species (Fig. 16) , and the charge class model with kNs = 4 does not differ significantly in any respect from the data. Fig. 2 shows the distributions of heterozygosity for group II enzymes and the closest fit to the data for the temperate and tropical species. In the case of the temperate species the neutral infinite allele model provides the best fit (Table 10) . A charge class model in which 55 % of loci are subject to selection with kNs = 4, and 45% of loci are neutral (Table 10 ) comes close to fitting the data, but there is a deficiency of heterozygotes due to alleles at intermediate frequencies in the model (P c = 0562) by comparison with the data (P e = 0666) which is statistically significant at the 0*05 level.
The only model which has been found to fit the group II enzyme data in the (Table 10) . (6) Tropical species: kNs = 3, = 014 (Table 10) . 
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tropical species is an infinite allele model in which 55 % of loci are subject to selection with kNs = 3, and 45 % of loci are neutral (Table 10) (Table 10 ).
5. DISCUSSION The objective of this analysis has been the identification of the simplest models capable of explaining the observed distribution of heterozygosity in a number of species of Drosophila. It has been shown that the neutral model proposed by Kimura(1968 Kimura( ,1969 ,andmodified by Ohta(1974 Ohta( ,1976 to include theaccumulation of slightly disadvantageous mutations, is capable of explaining all features of the data. The models depicted in Figs. 1 and 2 involve only neutral loci and those subject to selection in favour of the parental allele at the expense of newly arisen mutations. The highest intensity of selection involved in the theoretical distributions of best fit to the data corresponds to kNs = 3 for group I enzymes in the tropical Drosophila species (Fig. 1 6) , where k denotes the number of panmictic subpopulations of breeding size N, and s is the selective disadvantage of new mutants as heterozygotes. This intensity of selection is sufficient to ensure that only a minute fraction of the observed variation will ever be involved in the process of gene substitution, unless drastic bottlenecks in species population size occur.
A particularly striking feature of the Drosophila data is the contrast between the distributions of heterozygosity displayed by group I and group II enzymes, associated with a marked difference in the mean frequency of heterozygotes (Tables  3, 5 ). The distributions plotted in Figs. 1 and 2 clearly indicate that this difference can be satisfactorily explained by a higher mean intensity of selection against mutational variants in the case of group I enzymes. The difference between the two groups of enzymes cannot be explained on the basis of inherent differences in mutation rate alone, in view of the pronounced departure of the distributions for tropical group I and group II enzymes from expectations based on the neutral models (Tables 5, 6 ).
The process of model fitting for the tropical species has led us to propose two subgroups within the group II category, one composed of effectively neutral loci with mean heterozygosity of the order of H w = 034, and the other made up of loci similar to those of group I (Table 10 , Fig. 26 ). All loci nevertheless are assumed to have the same intrinsic mutation rate, specified by kN/i = 014 for both group I and group II loci (Figs. 16, 26) . The effectively neutral loci in group II inciude xanthine dehydrogenase and aldehyde oxidase, which are known to be highly variable in many Drosophila species. It may be concluded that the differences in the frequency of heterozygotes among groups of loci can be explained satisfactorily by differences in the intensity of selection against disadvantageous mutations. A similar conclusion has been reached by Koehn & Eanes (1977) from a study of variation in molecular subunit size and genetic variability in Drosophila populations, viz. that differences in effective mutation rates are due in part to the selective disadvantage of mutants which alter the quaternary structure of the functional enzyme molecule.
Another notable feature of the Drosophila data analyzed in this paper is the highly significant difference between the temperate and tropical species in the distribution of heterozygosity as a function of mean gene frequency, despite the similarity in the mean frequency of heterozygotes in the two groups of species (Tables 3,5 ). The infinite allele theory of deleterious mutations in finite populations leads to the expectation that the ratio s//i is of prime importance in determining the mean level of heterozygosity at equilibrium, and that kNs is the parameter which influences the shape of the gene frequency distribution (Table 8) . The difference between the temperate and tropical species is therefore most readily understood as a consequence of the smaller effective breeding population sizes in the case of the temperate species, leaving the mean ratio s/fi unaltered, but reducing kNs and kN/i proportionally. The distributions for group I enzymes in Distribution of heterozygosity in Drosophila 155 Fig. 1 suggest that effective population sizes for the tropical species are of the order of twice those of the temperate species, but the ratio could be considerably greater. Additional survey information is required before more precise estimates can be made.
